A b s t r a c t -Cryogenic Consultants Limited has constructed a superconducting magnet system f o r magnetic separation, with a t h r e e m e t r e long dipole magnet cooled by a closed-cycle refrigerator. This paper considers t h e design and construction of t h e magnet system in relation t o a theoretical expression f o r processing capacity.
Magnetic separation of mineral o r e s is a widespread technique using powerful e l e c t r o magnets. C C L has been involved f o r a number of years in t h e development of cryogenic machines which use superconducting m a g n e t s t o provide high fields and gradients for mineral separation. In t h e magnetic s e p a r a t o r described h e r e t h e field is used t o divert mineral f r o m i t s original path r a t h e r than t o c a p t u r e i t a s is usual in many o t h e r separators. 111. For this purpose a strong and relatively uniform gradient is required over a large working volume. C C L originally developed a circular geometry based on a quadropole and this machine was used f o r both w e t and dry processing 121, As a result of t h e initial dry processing work, which showed considerable promise, an improved separator was developed using closed cycle 4 Kelvin refrigeration. This consisted of a reverse pair winding providing a strong a t t r a c t i v e field around t h e outside of a cylindrical cryostat. The c r y o s t a t d i a m e t e r w a s 365mm and t h e field on t h e s u r f a c e of t h e c r y o s t a t 3.2 Tesla with gradients typically in t h e region of 0.8 Teslalcm. T h e refrigerator was built into t h e t o p of t h e c r y o s t a t so t h a t t h e whole system could b e operated entirely without cryogens. F r o m switching on approximately 36 hours w e r e required for t h e magnet t o r e a c h operating temperature. One of these machines was sold t o t h e Foskor Corporation in South Africa f o r t h e development of dry magnetic separation of phosphate minerals. Research work indicated t h a t successful separation could be obtained but t h a t t o ensure a n economic performance considerable improvements in t h e c o s t benefit r a t i o were required.
Theoretical studies by Professor Kopp a t Wits University, and one of t h e authors indicated a relationship between t h e processing capacity of t h e separator and magnetic field intensity and volume /4,5/. The capacity per m e t r e length of t h e magnet is described by t h e following approximate equation:-
The f i r s t p a r t of t h e equation r e l a t e s t o t h e m a g n e t design, (b) is t h e e f f e c t i v e height of t h e magnetic field, (H) is t h e magnetic field. The second p a r t contains t h e mineral parameters, b)
is t h e density of t h e mineral, (x) t h e susceptibility, (C2) t h e concentration of magnetics, (r) t h e radius of t h e mineral particles. The quantity (h) is t h e e f f e c t i v e height from which t h e mineral falls before entering t h e high field region. The capacity is not strongly influenced by this f a c t o r which must be non-zero in this approximation. In any particular separation t h e mineral p a r a m e t e r s a r e largely fixed by t h e requirement for adequate liberation.
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The magnet designer has t o provide the best possible magnet performance for a given capital cost. F o r any winding geometry the separation power is proportional directly t o the current i n the windings, as both field and field gradient are directly proportional t o current. Furthermore, increasing the magnetic f i e l d increases the cost of the magnet i n a non-linear fashion. Using niobium titanium the costs increase strongly once the field on the winding exceeds 6 Tesla. For this reason it is generally preferable t o generate larger volumes o f field rather than greater magnetic intensity. The new magnet was, therefore, designed to have the same magnetic field as the previous prototype but t o generate the field i n a larger volume.
The magnet was designed as a linear dipole i n a rectangular cross-section cryostat. The advantages are that w i t h the linear geometry there are two separating zones both o f which are against f l a t surfaces. As the stream o f ore drops past the magnet i t is necessary t o have an adjustable splitter between the magnetic and non-magnetic fractions. I n a linear geometry this can be a straight edge which can be moved closer t o or further from the magnet. With a circular geometry radial movement of the splitter is difficult; a disadvantage o f the original prototype separator. The new magnet has a t o t a l separation length of some 6 metres, since both sides of the 3 metre long dipole can be used for mineral processing. Further technical details are given i n the Table below.
The cross section of the linear cryomagnet is shown i n the Figure. The magnet is cooled by liquid helium passing through heat exchangers a t the top and bottom of the magnet. The radiation shields are cooled by helium gas. Refrigeration for the magnet is provided by an improved version of the CCL R.700 refrigerator which is built on t o one end of the cryomagnet. The magnet consists of two windings supported by a stainless steel yoke. The yoke passes between the windings which are placed as close t o the surface o f the cryostat as practical. The windings are surrounded by two shields, one a t about 16 Kelvin and the other a t about 60 Kelvin. To support the f l a t sides of the cryostat, pillars at room temperature pass through the centre o f the magnet a t several points. The cryostat outer parts are formed f r o m aluminium and stainless steel. The whole cryostat is assembled w i t h O-rings so that the interior can be inspected without breaking welds.
Since building the magnet presented a considerable technical challenge it was decided to carry out a test programme on a half-metre long dipole. The design of the half-metre dipole was such that the forces per metre length on the winding and the supporting structure were as similar as possible t o the requirements of the f u l l length magnet.
These tests showed that considerable care was needed i n the design of the support structure t o avoid fracture or movement of the coils during either cooldown t o operating temperature or energisation. The forces on the c o i l are given i n the Table below. Several methods of clamping were investigated. I n i t i a l tests showed that there could be substantial training. The solution chosen was a set of stainless steel clamps bolted f r o m top to bottom of the coils with separate spacers t o maintain the separation between the coils. I n order t o have sufficient proof stress for repeated cycling o f the magnetic field the stainless steel Type 316.LN was 50% hard-worked during the fabrication process. With the final configuration it was possible t o reach the guaranteed rated field without training and t o considerably exceed this a f t e r one or two training quenches, achieving over 90% of short-sample performance. 
